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Introduction
There is increasing concern about the poor accuracy of population projections at national levels. Strictly speaking, a population projection is simply the outcome of a given set of assumptions and cannot be wrong on that basis, assuming the arithmetic is correct. In reality, population projections are essentially predictions or forecasts and are treated as such for government planning and expenditure purposes. Accuracy is crucial, especially where a projection is used to control the total for each area of expenditure; otherwise there is a danger of error becoming endemic in all areas of government policy.
Recent research has investigated why population forecasts have been so inaccurate. Keilman has been particularly vocal in raising concerns after evaluating past projections against observed outcomes (1997, 2001) . He reached the damning conclusion that demographic forecasts published by statistical agencies in 14 European countries had not become more accurate over the past 25 years (Keilman 2008) . Shaw (2007) and Keilman (2007) reached similar conclusions with specific reference to the UK, but concerns about population projections go back much further (Brass 1974; Preston 1974; Keyfitz 1981 ). Booth (2006) undertook a comprehensive review of demographic forecasting over the previous 25 years and called for more retrospective analysis of forecasting accuracy. She portrays the field as one in which there have been many technical advances in methods and a borrowing of ideas from other disciplines but not necessarily comparable improvements in predictive accuracy. The methods used fall broadly into two types: 'extrapolative' methods and structured 'causal' projection methods. The former, which are by far the more typical and where most technical advances have been made, focus on stable patterns and trends in the data. Such projections may be subject to adjustments according to the views of experts in the field. The other type, structured 'causal' projection methods, seeks to explain demographic rates in terms of socioeconomic or proximate determinants. For example, it may be possible to draw a direct link between a new cure for cancer or a decline in smoking behaviour and subsequent changes in mortality rates. Often regarded as the 'ideal', structural methods have not, on the whole, produced any greater accuracy according to Booth and others. However, we think these methods, which are not further discussed here, should be seen as 'work in progress' and that it is too early to make a definitive judgment on their efficacy.
By their very nature, population projections must take into account trends in fertility, migration, and mortality, errors in any of which have the potential to affect accuracy. However, an important problem highlighted by Shaw (2007) in his review of the UK's projections record of the last 50 years has been the systematic underestimation of improvements in mortality. This underestimation has resulted in projected populations at the older ages being too low, a problem not confined to the UK and in fact fairly common (Bengtsson and Keilman 2003) . One response to the problem has been to develop stochastic projections that show a range of uncertainty in future mortality (Keilman 2002) .
The best known and widely used method in this category is the LeeÁCarter model, which is based on a combination of statistical time series methods to project mortality and a simple method of estimating the age distribution of mortality (Lee and Carter 1992) . Lee and Miller (2001) find that the model gives good central projections of life expectancy, but over long time horizons it tends to be too pessimistic. However, it is extremely difficult to generalize about its performance, because there have been many developments and model variants published since the model was introduced (for good examples see Haberman 2003, 2006; Renshaw 2008, 2009) .
A practical problem is that 'probabilistic forecasts' are sometimes seen as too complex when what users really want is a single or 'best forecast' (Booth 2006) . We too use extrapolative methods, but start from a different position to Lee and Carter, who use mortality data. As Booth has pointed out, the simplest method is to extrapolate life expectancy or some other life table measure and to use empirically based model life tables to obtain the age pattern. We proceed in a similar way but we concentrate on survivorship rather than mortality, which usefully reduces the amount of unexplained variation that accompanies mortality data.
Our method exploits the empirical relationship between life expectancy and the probability of survival to a given age using period life tables. We use this relationship to estimate the age-specific probability of survivorship in some future year. For reasons explained later, we fit a GompertzÁMakeham function (see Olshansky and Carnes 1977 or Forfar and Smith 1987) to each of the resultant distributions, from which we derive full single-year life tables. Using simple regression to project survivorship, each future life table then becomes the basis for deriving age-specific mortality rates that are applied to a base population in the conventional way.
Our use of the shape of the survival curve to project forward the probability of survivorship based on expectation of life can be compared with Brass's method (1974) . His premise was similar to ours, the idea being that the shape of previous life tables based on observed data can be used to create future life tables through a simple transformation of the data. Whereas we work with percentiles and the GompertzÁMakeham survival function, he used a logit function to transform the data.
Obviously, these methods rely heavily on the ability to make accurate projections of life expectancy, and this has been changing rapidly. In England and Wales, for example, the life expectancy in 1960 of men at age 50 was 22.9 years, having increased by only 0.4 years since 1950, but from 1990 to 2000 it increased by 2.3 years to 25.9 years. For women at age 50, the improvement from 1950 to 1960 was 1.4 years (to 27.7 years), and from 1990 to 2000 it was 1.45 years. We show that the accelerating trend over the last 50 years for men and the more slowly increasing trend for women are very accurately modelled by a second-order polynomial function.
A key problem in using a simple extrapolative approach of this kind is that little is known about the biological limits to human longevity. Given the rapid pace of change over recent decades, it is hard to know whether the upward trend will be maintained, slow down, or plateau. To address this question, Oeppen and Vaupel (2006) analysed data from many countries from 1840 onwards and found no empirical evidence to suggest that life expectancy is reaching a limit. However, as we are more concerned with improvements in the accuracy of projections in the short to medium term, this issue is arguably of lesser concern as long as our projection horizon is relatively short and there is evidence that the indicated level of future life expectancy is achievable (e.g., by comparing with levels of life expectancy in other countries).
To illustrate the merits of our method, we compare below the results of using it to produce a set of alternatives to 21-year projections produced in 1981 for England and Wales by the UK Government Actuary's Department (GAD); this was the agency responsible for national projections at the time. We used exactly the same assumptions and base population as GAD. It will be seen that our projections are closer to the actual populations than those projected by GAD. We will show that our method can be adapted to produce future period life tables that appear to be more accurate than those currently used to make official population projections.
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A limitation of our method is that we have applied it only to populations aged 50 and over, since our purpose was to focus on the implications of increasing longevity at older ages. To cover the whole age range, the method would need to be integrated with ways of projecting other components of population change, namely, fertility and migration, the projection of which raise completely different analytical and technical issues.
The paper is structured as follows. Section 2 describes the theoretical and empirical basis for the method adopted. Section 3 describes how the framework is adapted to provide population projections. Section 4 compares the results with those of past official projections. Section 5 compares projections based on our methods with official projections to 2020. Finally, Section 6 discusses how the techniques could be adapted and improved in future research.
Method
Our method uses an assumed mathematical relationship between the probability of survival to a given age and life expectancy. The method belongs to a branch of mathematical theory known as queuing theory, in which the time predicted to be spent in a system is related to the cumulative probability of either being 'processed' within a given time or continuing to be held in a queue (Mayhew 1987; Mayhew and Smith 2007) .
The analogy with survivorship is that 'time spent in the system' corresponds to the period in which a person is 'alive', but that once they have been 'processed' (i.e., have left the system) they are counted as 'dead'. As with queuing systems, populations demonstrate a strong correlation between expectation of life and the probability of survivorship (Mayhew 2001) , such that if it were possible to project future life expectancy, it would be possible to predict corresponding survivorship probabilities to different ages or 'time spent in the system'.
For the demographer, survivorship, in an ideal world, would be defined by a basic mathematical function such that, if we knew the expectation of life and other required parameters, we could determine the ages by which certain percentages of the population would have died (or survived). The simplest form of such a survival function, S(x), would involve it having only one parameter.
To take a simple case, suppose that S(x) is represented by a negative exponential function with the special property that future life expectancy is the same at any age. We have
where l is a parameter and where the mean value of the negative exponential distribution is given by x ¼ 1=k: Substituting this into the previous equation and rearranging we obtain x ¼ À xln S x ð Þ ð Þ: Hence, the age to which a given proportion survive, x, is a linear function of life expectancy x and ln S(x). By selecting different percentiles of the proportions of those surviving, we can derive a family of straight lines relating life expectancy to the percentage surviving to any age. For example, suppose that life expectancy at birth is 75 years. The age to which 90 per cent of the population survive (or by which 10 per cent die) would be 7.9 years ((75)ln(0.9) 07.9); for 50 per cent, it would be 52.0 years ((75 )ln(0.5) 052.0) and so on.
We could also define a different distribution, giving the future expected life at some age other than zero. Let us assume a starting age of 50, with the probability of death modelled by a normal distribution with a standard deviation defined as s0m/3, where m is life expectancy at age 50. Now suppose that the mean expected future life at age 50 is 24 years, so that the standard deviation is 8 years from the relationship above. Using the statistical reference table for the areas under the standard normal distribution, we find that 80 per cent of the population will have died, or 20 per cent survived, when z00.8416. This occurs after 24'8 ) (0.8416)030.7330 years from age 50, that is, at age 80.7 years.
Simple relationships of the kind shown in these examples are not found in practice, and distributions with more parameters are needed to produce sufficiently accurate fits to actual survivorship data. In our method, we use the three-parameter GompertzÁMakeham function for this relationship, as described below.
Life table data for different calendar years are used to estimate the parameters for this model. Since the focus is on ages 50 and over, we set l 50 0100,000 to obtain future life expectancy at age 50, using the following standard expression:
where V is the age of the oldest person to die, assumed to be 110 years in our calculations, and l y is the number of survivors to age y. It is recommended
Survivor-based population projection 159 that a suitable period be chosen for investigating survivorship patterns, preferably one in which life expectancy has changed by a reasonable amount, to give a robust representation of any systematic change (as occurred in England and Wales over the last half century).
For each calendar year and every percentile proportion, the life expectancy and the percentile proportions surviving to each age are tabulated in successive columns of a spreadsheet. Linear regressions are then fitted to each vector of points corresponding to a column of data, using an equation of the following form in which x, the age at death, is the dependent variable and life expectancy e 50 the independent variable:
where x p is the age of death of the pth percentile a p , b p are the regression parameters for the pth percentile e 50 is the expected life expectancy at age 50 u p is a normally distributed random error term.
The data used in the regressions were extracted from period life tables for England and Wales for 1952Á2003 in the Human Mortality Database (HMD). This set of life tables was preferred to those of GAD, because the use of a common method of constructing the life tables allows comparisons of results with those from other countries. In practice, we found that the differences in results between HMD and GAD data sources were small.
Results
We begin by describing the results of applying our method and then explain their implications. For projection purposes (see later), we made use of survival data for all the percentiles, but for brevity only report below on selected percentile values. Using data for each calendar year, we calculated the proportion of people surviving to a given age in 1 per cent steps. We then regressed the age to which each percentile survived on life expectancy at age 50 from 1952 to 2003. Table 1 presents the fitted regression parameters for both men and women. For example, for the 70th percentile for men who survive, the value a 70 0 42.0002 and b 70 01.1089. If life expectancy at 50 is assumed to be 25 years, the predicted age to which 70 per cent of the population of men survive is 69.72 years (i.e., 42.0002'1.1089 )25). The equivalent value for women is 45.0262'1.0113 )25 or 70.31 years. Table 1 shows that, for men, the goodness-of-fit statistic, or coefficient of determination, R 2 , for the regression is always larger than 0.99 between the 10th and 90th percentiles. For percentiles outside this range, it is always larger than 0.96 for men, suggesting a high degree of precision is possible, even among percentiles at either end of the distribution. The goodness-of-fit for women is also very good, though not quite as good as that for men. Figure 1 shows the survival percentiles and fitted regression lines for men for the 99th, 95th, 90th, 80th . . . 10th, 5th, and 1st percentiles. In 1952, the first year of the period examined, life expectancy at age 50 was 22.6 years (denoted by hatched line A); in In projecting the proportions surviving to a given future year, we need to extrapolate each regression line by the amount that life expectancy is expected to increase by that year. To show that this is a reasonable step to take, three data points, for the years 2004, 2005, and 2006, which were not included in deriving the regression estimates, are shown as diamond-shaped symbols to the right of hatched line B. The predicted trend lines pass through, or close to, each data point, regardless of percentile, suggesting that a high level of precision is attainable if life expectancy can be accurately predicted.
There are other features of Figure 1 that should be noted. First, a useful property is that if the number of persons alive at age 50 (or at any alternative age) is 100,000, the vertical distance on the chart between deciles (e.g., between 50th and 60th percentiles) represents 10,000 deaths (or 10,000 fewer survivors), and between individual percentiles, 1,000 deaths (or 1,000 fewer survivors), and so forth (noting that the distance between these percentiles will depend on the concentration of deaths at each age in the survival distribution).
The slope of each regression line shows how quickly survivorship is increasing at each age with increasing life expectancy at age 50. If the slope for a particular percentile, that is, the b p parameter in Table 1 , is greater than one, it means that this percentile proportion surviving gains more than 1 year of life for each additional year of life expectancy. Similarly, when the b p parameter is less than one, the percentile proportion surviving gains less than 1 year of life for each additional year of life expectancy.
For men, it can be seen that those gaining most years fall for percentiles between the 20th and 80th, all of which have values greater than one. For the oldest survivors, that is, those in the 10th to the 1st percentiles, the increase in life expectancy is not fully reflected in their additional years of life. For women, those gaining most years fall between the 10th and 70th percentiles. Because for women the Survivor-based population projection 161 slopes for the 5th and 1st percentiles are closer to a value of 1 than are those for men, the oldest survivors gain more years than their male counterparts. Theory predicts that convergence of the percentile regression lines over the long term would lead to a more equitable distribution of life expectancy across the ages, resulting in a more rectangular-shaped survival distribution (Kannisto 2000) . Specifically, for a perfect rectangular shape to occur, the lines would eventually need to converge to a point (Mayhew and Smith 2011) . There is no indication of such a trend in our data, although it could occur in other countries, where the pattern of development may differ from that in England and Wales.
An important implication of these results is that those dying before say, age 65, have not benefited as much as others from the overall increase in life expectancy. There are a number of possible reasons for earlier deaths in this age range: the effect of incurable or hard-to-treat diseases where prolongation of life is harder to achieve unless effective medical cures are found; for men, the result of working in hazardous industries for part of their lives; and the effect of an unhealthy lifestyle (heavy smokers, the obese, etc.). If this pattern of relatively smaller improvements in survival persists, there will be no progress towards a more rectangular survival distribution.
Although for most of the period under investigation (1952Á2003), there were almost continuous annual gains in life expectancy, it is possible to postulate that a homeostatic relationship exists between life expectancy and individual percentiles through time. In other words, if life expectancy were to fall instead of increase, the trend would reverse, and small annual perturbations in life expectancy suggest that this is the case. However, this hypothesis would need to be tested more thoroughly, using data sets for other countries for periods of time in which annual fluctuations in life expectancy have been more pronounced.
The above results can be presented diagrammatically in an alternative form to allow other insights. For example, Figure 2 shows life expectancy at age 50 as before, but it is now plotted on the vertical axis. The variable on the horizontal axis is replaced by the percentage of the population still alive. Each curve represents a given age, as indicated on the top horizontal line. To maintain consistency with Figure  1 , the horizontal hatched lines indicate life expectancies in 1952 and 2003. The upper limit of the life expectancy at age 50 on the vertical axis is set at 32 years (based on current trends, this is not expected to be reached until 2013).
The bends in the curves in Figure 2 are consistent with the observation that, based on the most recent Percentage still alive at given age 
Fitting the survival function
The above results enable us to estimate the age to which a given percentile of the population will survive (i.e., the percentage of people surviving to age x). A life table, however, requires the results to be in the form of the proportion of people surviving to exact age x, x'1, . . ., etc., that is, in strict 1-year intervals, and so we need a method of converting the survival percentiles into those for integer years of age. One option would be to use interpolation techniques between individual percentiles to find the number surviving to an exact age, x, say. However, our preferred method is to fit a survival curve, from a suitably parameterized function, to the expected percentile values, so that it becomes straightforward to extract the required information.
For this purpose, we make use of the GompertzÁ Makeham function, which is well known, often used, and highly flexible, for fitting survival curves (for a historical review, see Olshansky and Carnes 1977) . According to this function, the death rate is the sum of an age-dependent component (named after Gompertz 1825), which increases exponentially with age, and an age-independent component (named after Makeham 1860).
Using standard notation, the function for the force of mortality, m x , is given by
cx where c ¼ ln c ð Þ and A, B, and c are empirically determined parameters defining the shape of the curve, and x is age. The survival function for a life aged t to survive x years is then simply
Using the GompertzÁMakeham function for m s , and an age t, which is the starting age for future life expectancy (in this example, t 050), we obtain
For a starting population of 100,000 people aged 50, multiplying the equation above by 100,000 gives the number of people who survive to age x, that is, we have simply l x 0100,000 )S(x). Conventionally, the function is fitted over all ages, except the youngest, and it is assumed that the constant term, A, caters mainly for the non-age-related deaths, such as accidents, which mainly occur at younger ages. It can be observed that when A00, the formula reduces to the Gompertz function, and if B 01 we obtain a simple exponential distribution.
The parameters A, B, and c were estimated using an iterative heuristic optimization technique of our own design. Estimated values are given in Table 2 from 1953 to 2003 in 10-year steps. As may be seen, after 1963 the B parameter becomes smaller, which is consistent with the fall in mortality over the period, whereas the corresponding increase in c means an increase in mortality at older ages. The main contribution of A is to moderate the number of deaths in the 50Á60 age range, which would otherwise be too high. As B decreases after 1963, A is not needed to counteract the effects of B and so it approaches a value of zero. Figure 3 shows the population curve for the year 1973: the fitted and the actual proportions surviving; 1973 was chosen as it is midway through the period being examined. The fit is a good one. A similar close fit is achieved for all other years, and for both men and women. Survivor-based population projection 163
Comparison with GAD projections from a 1981 base
For population projections, GAD makes assumptions about future rates of fertility, mortality, and migration into and out of the country. For mortality, GAD constructs life tables based on projected agespecific mortality rates. How do projections using the method described above compare with the official projections produced by GAD?
We investigated the accuracy of official population projections by using the same historical data that would have been available to statisticians and actuaries at the time, together with the same base population. We compared the 1981-based GAD projections with the actual subsequent populations for each year from 1982 to 2003, and also with our own model projections. (We also undertook similar comparisons using GAD's 1991-based projections. They were closer to the observed populations, but because the projection period was shorter, the results were not unexpected and so do not affect our general conclusions.) Extrapolative methods were used by GAD for each of their mortality projections throughout the 1980s and 1990s, a description of which may be found in the historical projections section of the now archived GAD website. The 1981-based projection assumed that a life expectancy at birth of 74 for males and 77 for females would be achieved by 2040; it was 71 years and 77 years, respectively, in 1981 (Benjamin and Overton 1980) . In these projections, scenarios that produced lower mortality rates than comparison countries were assigned lower importance than those that produced the same or higher rates.
Since our method relies on exogenous estimates of life expectancy, it was first necessary to predict life expectancy at age 50 from a 1981 base. y is predicted life expectancy at age 50 and x is calendar year. Figure 4 also shows 95 per cent prediction limits either side of the trend line. These indicate that the 'true' value of life expectancy should be within 0.36 years of the observed value 95 per cent of the time. Similar results, but using other time periods, enabled us to be confident that a quadratic would be equally appropriate for projecting forward from alternative base years.
However, the convex property of this particular polynomial form is a problem in that expected future life increases indefinitely into the future, which means that it must be used cautiously, especially for longer-term projections. Unlike GAD, however, we did not impose any limits on possible future Source: As for Table 1. values of life expectancy, or on possible reductions in mortality rates. This seemed a reasonable decision given the observed trends in life expectancy during recent decades, but the particular polynomial fitted cannot predict turning points, so that longer-range projections are inevitably more uncertain (see conclusions for a further brief discussion on this point).
Using the life expectancies at age 50 derived above, we constructed life tables, one for each year between 1982 and 2003, using the information from projecting forward the trend in life expectancy based on the fitted polynomial equation. We then compared our projected life tables with GAD's and with published life tables for the same years (i.e., the actual values). We found that both our projection and GAD's tended to underestimate the extent of survival, but that our projections were much closer to the actual outcome than GAD's.
We compared the goodness of fit between GAD's projected survivorship, our model's projected survivorship, and the actual survivorship at each age. We found that our model gave a consistently better fit at each age, and for each year. As a visual illustration, Figure 5(a) shows the results based on our model, and Figure 5 (b) on GAD's. The survival age for men is plotted on the vertical axis and calendar year on the horizontal axis. For each age and calendar year, we compared the percentage difference between the predicted survivorship and the actual survivorship, from a 1981 base. These differences are represented as contours, such that a contour value of 5 per cent indicates that the actual survivorship was 5 per cent longer than the predicted survivorship at all points along the contour etc.
Both charts correctly indicate that actual survivorship is higher than predicted survivorship. The differences become larger for longer projections, but the differences associated with our model are substantially smaller than GAD's. For example, at point P in Figure 5(a) , the actual survivorship of men to age 75 in 1992 was 5 per cent higher than our model predicted in 1981. In contrast, Figure  5 (b) shows that the corresponding difference between the actual survivorship and GAD's projected survivorship was just over 10 per cent; see corresponding data point P?, that is, age 75, in 1992, in Figure 5 (b).
In Figure 5 (a), the model error is generally around 5 per cent up to age 70. At ages over 70, the percentage error remains fairly small, but, from 1987 onwards, it gradually increases. Above age 80, the percentage error starts to rise after 1990, when it is of the order of 10 per cent, rising to 20 per cent after 1998. In Figure 5(b) , the GAD case, larger errors are evident sooner and at a younger age, with an error of 10 per cent being typical as early as 1987. The error becomes larger in subsequent years; around 30 per cent for those aged 80 and over in the late 1990s.
Projecting forward to 2020
The results of our test persuaded us that it would be reasonable to use our method to make further projections for the population aged 50 and over. The results suggest that, whichever method is used, the error increases the longer the projection period, but whether that is important depends on the 5 1954 1956 1958 1960 1962 1964 1966 1968 1970 1972 1974 1976 1978 1980 95% prediction limit Survivor-based population projection 165 purpose of the projections. For example, an error of 10 per cent 5 years hence may not be as important as an error of 10 per cent 1 year hence. Thus, we need to consider how far ahead we should attempt to project survivorship, and how accurate the projection needs to be. In the UK, the Government, using the spending review process, plans its finances for the medium term, with government departments agreeing 3-year programmes. In many areas of administration, such as pensions, health, and social care, however, it is necessary to take a longer view of perhaps 15Á20 years.
A comprehensive set of GAD population projections was published in 2001 (GAD 2001) , and this afforded the opportunity to compare the results of our model with GAD's over a longer time period. As before, we fitted a polynomial to life expectancy at age 50 for men and women for the period 1952Á2003, and used this to project life expectancy over the period 2003Á20. The predicted life expectancy was then used to derive the survivorship percentiles, before fitting the survival curves. We used the same assumptions as GAD, documented on the GAD website, in particular their assumption on immigration at older ages in their principal projection of 2001 (GAD 2001) . By using GAD's projections for ages below 50, we effectively ensured that the starting number of 50-year-olds in each calendar year was the same as GAD's. Table 1 and Government Actuary's Department.
years, that is, by 6.5 years, and for women, from 32.2 years in 2001 to 35.7 years in 2020. Table 3 compares our projection results for men with those of GAD's. Our model predicts larger numbers in each age group, with proportionately larger numbers the older the age group. For those in their 50s and 60s, the percentage difference is relatively small as mortality rates have only a small effect. For those in their 70s and 80s, the percentage difference becomes much larger because of the larger differences between GAD's and the model's mortality rates. By far the largest difference occurs in the age group 80Á89.
A similar projection was made for women (see Table 4 ). It was found that the difference in projected numbers between our model and GAD's was smaller, because life expectancy improvements for women have not been as large in recent years. The difference in projected numbers is largest for women in their 80s, whereas there were also significant differences for men in their 70s. Taking men and women together, our model predicts approximately 595,000 more persons than GAD's*484,000 men and 111,000 women. Had we used the Office for National Statistics' (ONS) 2006-based principal projections as our comparison set, instead of GAD's 2001-based ones, the results would have been closer.
Conclusions
In an era when the population is ageing rapidly, it is important that official population projections are as accurate as possible in order to inform policy and plan public finances. However, many national demographic agencies have struggled to improve the accuracy of their projections, especially for the older age groups, even over relatively short projection periods. 1952 1956 1960 1964 1968 1972 1976 1980 1984 1988 1992 1996 2000 2004 2006 2012 2016 2020 Actual Fitted polynomial 95% prediction limit Figure 6 Fitted regression curve showing life expectancy of men at age 50, England and Wales 1952Á2001
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In this paper, we have offered an alternative way of projecting older populations based on trends in life expectancy and survivorship at ages of 50 and over. Our procedure differs from traditional methods, which base assumptions on trends in agespecific mortality rates. Using life table data for England and Wales to estimate survival, we found that survival data showed consistent and predictable trends.
Further, we tested whether our model would have produced more accurate estimates of survival than the UK Government's own projections, using the same data. We found that our method produced considerably more accurate projections than GAD's 1981-based projections. We also tested our method against the 1991-based GAD projections (results not reported here), and found that our method again gave more accurate results than GAD's, although the differences were less.
These tests of the method were applied only to the population aged 50 and over and cannot be regarded as an alternative method of making population projections across the entire age range. Two key findings, however, are that accuracy was generally improved in each age group for both men and women, and for projections further into the future.
The differences in accuracy between our model and GAD's arise from two possible sources. Using mortality data as a basis for determining life expectancy, GAD projections assumed a slower improvement than was assumed by our method. It is uncertain whether this slower improvement was due to the extrapolation methods used to project the mortality rates, or to the improvements judged likely in mortality, since the two approaches differ in their starting assumptions.
The projected populations were also underestimated in GAD's 1991-based projections, in which the assumed improvements in mortality were different. This might suggest that the assumptions used in the methods of extrapolating age-specific mortality rates at the time erred on the conservative side. However, an underlying cause might be the irregular nature of time series for age-specific mortality rates, making them difficult to extrapolate and thus susceptible to error. Indeed the benefit of our method is that it is easier to extrapolate survival rather than mortality, since the former is smoother than the latter in statistical terms.
In our projections, the assumption that there will be a continuation of the increase in improvement in life expectancy is based on the observed steady upward long-term trend. Arguably, we have no reason to assume that the growth in life expectancy will diminish in the near term. The ONS's recent (unofficial) long-term projections (personal communication) project the life expectancy for men at age 50 in 2020 to be 1.5 years shorter, at 33.1 years, than is projected by our method. For women, ONS's projection of 36.2 years is slightly longer than ours, which is 35.8 years.
On the question of a possible limit to future improvements in life expectancy, we take a pragmatic view. The fact that countries such as Japan, where life expectancy is still increasing, have already recorded more years of expected life than the UK is evidence that natural limits have not yet been encountered. Where those limits occur is an open question but one that needs to be addressed in framing long-term projections (see Wilmoth and Robine 2003; Oeppen and Vaupel 2006; Vaupel 2010) .
Even over the short to medium term, the implications of our results remain considerable. By 2020, life expectancy for men at age 50 is projected to be just below that for women, who are projected to live a further 35 years. In 1960, the life expectancy of men was 22.5 years*12.5 years less than the 2020 figure. Moreover, a man reaching age 50 in 2020 is projected to have a 4.5 per cent chance of reaching age 100, while a woman is projected to have an 8.8 per cent chance (see Table A1 ).
These findings underline the speed at which the ageing population will grow during the next few decades. For example, our projections for the size of the population aged 50 and over in 2020 were 595,000 larger than GAD's 2001-based principal projection, which will have significant implications for pensions and other spending priorities at older ages (Blake and Mayhew 2006) . However, it is important to sound three cautionary notes. Firstly, our method has focused on creating period life tables for future years using age-specific survivorship rates at a given time with a series of linked period life tables. A different approach would involve the creation of a cohort life table, which would theoretically be more appropriate but would require further investigation to see if it were possible to overcome some of the technical difficulties of using a cohort-based approach.
Secondly, further work is needed to extend our method to younger age groups. Survivorship rates at ages up to 50 are very high, and the deaths that do occur are either concentrated in the first years of life, or in early adulthood. A start age of 30 would also not have these problems and so can be considered. It may be that a modestly adapted method would suffice for younger ages, although it is not clear that it would provide a significant improvement because the accuracy of population projections in these age groups is more dependent on the assumptions about fertility and migration, than those about mortality.
Finally, there are other methods of projecting mortality in common use, and we have not compared the accuracy of theirs with that of ours. The LeeÁ Carter model did not exist in published form at the time of the base years, 1981 and 1991, considered in this paper. Repeating our study using the LeeÁ Carter model instead of GAD's might be a possibility, although it would not be easy to select an appropriate version from the many available.
New techniques for projecting mortality will undoubtedly appear in the literature, but it may take years before they can be fully evaluated. We agree with Booth (2006) that the accuracy of population projections should be regularly tested and the results published, so that evidence of improvement can be established. Currently, researchers appear to be more concerned with technical advances in methods than with the accuracy of the projections they produce, in particular the central projections used for government financial planning.
As Brass (1974) commented: '[demographers] accept responsibility for the formal processes of projection . . . but are not prepared to take the further step of specifying (however cautiously) the plausibility of the assumptions, and thus to change the projection into a prediction'. Clearly, there has been some progress in the last three decades but continued criticism in more contemporary literature shows that the problem has not gone away. The current rapid improvements in longevity are likely to bring the issue into even sharper focus as government faces up to the economic and social impacts of an ageing population.
Appendix: percentage projected by model to reach age 100 for those aged 50 and 80 in different years 
